Introduction
With the Pacific Ocean occupying half the equatorial circumference of the Earth, it is not surprising that continuing research efforts have confirmed early hypotheses, such as those of Walker [1928] and Bjerknes [1966] speed of about 40 cm s-•, half that subsequently estimated by Halpern [1988] over the eastern Pacific using buoy-derived winds. Notwithstanding estimated speed differences, the zonal phase gradient is sufficiently large that the annual harmonic variations tend to be out of phase between the western and eastern sides of the Pacific Ocean basin. Along with westward propagation the amplitude of the zonal wind stress annual harmonic appears to be smallest in the west-central portion of the basin [Meyers, 1979] , where the interannual variability tends to be the largest [e.g., Wakata and Sarachik, 1991] . In addition to the interannual and annual variations the zonal winds also have semiannual and intraseasonal variations. The semiannual variations have been described as mainly confined to the western Pacific Ocean and may be as large as the annual variation [Goldenberg and O'Brien, 1981; Hotel, 1982] . On the equator, Meyers [1979] found that the semiannual variations had their largest amplitude in the central equatorial Pacific
Ocean.
Numerical ocean circulation models, either forced by observed winds or allowed to evolve coupled to an atmospheric model, tend to show interannual variations in the upper ocean thermal field that propagates eastward with slow, zonally nonuniform speed [e.g., Chao and Philander, 1993] . These authors also argue that the associated pattern propagation speed is too slow to be attributable to any single Rossby or Kelvin wave. At annual timescales, Meyers [1979] MWF model winds have been questioned [Anderson, 1994] , both the TAO data and the model winds are highly coherent. This paper proceeds as follows. The ECMWF model winds are employed in section 2 to explore the zonal wind stress variations in space and time along the equatorial Pacific Ocean using CEOF analysis to distinguish interannual, annual, and semiannual variations in zonal wind stress. Similarly, interannual and annual variations in the upper ocean heat content are introduced using TAO and XBT data, respectively, and CEOF analyses are applied to describe the semiannual and annual harmonics individually. The CEOF wind modes are then used in section 3 to develop the basin-wide thermocline response to interannual, annual, and semiannual zonal wind stress forcing using a linear, reduced-gravity (one active layer) ocean model. The ocean responses to such constituent forcing are described individually and the interannual variations are compared with the TAO array measurements. For the interannual variability the zonal wind stress CEOF mode forced wave response adequately accounts for the zonal evolution of the upper ocean heat content; however, this is not true of the annual variability. Adding the contribution from semiannual forcing provides an improvement but still fails to accurately describe the variations over the eastern half of the basin, due primarily to rapid relaxation/intensification of easterly wind stress that is not rep- The easterly wind stress is weakest following the boreal spring equinox (April/May), it intensifies during the summer solstice, reaching a relative maximum in July/August, and it then reduces to a relative minimum during the autumn equinox and then reaches an absolute maximum during the winter solstice. The asymmetry in the annual cycle with respect to the spring and fall equinoxes must be related to ocean atmosphere coupling since the insolation cycle is symmetric. West of the date line, the annual cycle shows maximum westerly wind stress during the boreal winter solstice and maximum easterly wind stress during boreal summer. At other times the zonal wind stress over the western part of the basin appears to be small. It is during the boreal winter solstice that the zonal wind stress variation across the basin is largest with maximum westerlies west of the date line and maximum easterlies east of the date line. The overall sense of pattern propagation is eastward, but the anomaly amplitude, fetch, and pattern propagation speed are all variable. Also, the pattern of zonal wind stress anomaly differs from that for the zonal wind velocity component anomaly. In particular, the location of the maximum zonal wind stress anomaly is shifted eastward relative to the zonal wind velocity component anomaly. The origin for this is the region of large mean state winds in the central portion of the basin that affects the stress anomaly calculation through the square of the wind speed but does not affect the velocity component anomaly calculation.
CEOF Analysis of the ECMWF Zonal Wind Stress Component
To further investigate the spatial and temporal characteristics of zonal wind stress and to prepare a simplified version for driving a simplified analytical ocean model, a CEOF analysis is applied using the method described by Barnett [1983] . A zonal wind stress data matrix is formed with each row being a demeaned time series for each of the 64 locations along the equator. A Hilbert transform is then applied, converting this data matrix to a complex data matrix denoted by C which is then subjected to a conventional EOF analysis using the co- Details of the calculation are given by Kessler [1990] . The pattern of the annual perturbation appears to evolve from the east-central portion of the basin as the zonal wind stress intensifies after the boreal spring equinox. The pattern then suggests propagation both to the east and the west, consistent with the findings of Meyers [1979] . The similar pattern, but with sparsely sampled data, is also seen in the climatological annual perturbation in upper ocean heat content which was calculated from the TAO array temperature. Decomposing the upper ocean heat content obtained from the XBT data by CEOF results in the two modes shown in Figure 9 that collectively account for 90% of the variance. The first and second modes primarily represent annual and semiannual harmonics, respectively. Comparing the annual harmonic for the zonal wind stress that propagates westward with the annual harmonic in the upper ocean heat content that propagates both eastward and westward, it becomes clear that the spatial modulation of the winds, resulting in largest values over the region from the which the heat content response emanates, is a critical element in the pattern evolution for the annual cycle.
Ocean Response
The zonal wind stress perturbations, decomposed into CEOF modes, may be used to drive a simplified analytical 
Discussion and Summary
Comparing the climatological average annual variation of zonal wind stress with that of the individual years, we found that either the relaxation or intensification of easterly wind stress is much more abrupt in the individual year than in the climatological average. This difference is nearly basin wide so that it should have a large impact on the annual cycle of ocean response. As an example, Figure 17 shows the temporal zonal wind stress variations at 150øW, 0øN for 1989, 1990, 1991, and the climatological average. Since the ocean response is integrated over the entire forcing region [Weisberg and Tang, 1987] , the temporal variation of ocean response will not be as abrupt as the zonal wind stress. For example, an impulsive temporal forcing function which is zonally distributed in the interval of I will generate a Kelvin wave with a timescale of l/c, not an impulsive function. Therefore in calculating the climatological average the abrupt change of zonal wind stress is smoothed, but its impact on the upper ocean heat content will remain. To examine the impact of an abrupt change of zonal wind stress on the ocean, the annual cycle of zonal wind stress is artificially enhanced by a patch of westerly/easterly wind stress anomaly. This additional wind patch does not change the pattern evolution of the annual cycle of zonal wind stress significantly. It only makes the relaxation/intensification of the annual cycle in the spring and summer become more rapid. Figure 18 shows the distribution of additional westerly/easterly wind stress anomaly, its ocean response, and the resulting annual cycle of ocean response. The eastward and westward propagation of h perturbation emanating from the central basin starting in early summer is presented. This is mainly caused by the abrupt intensification of easterly wind stress which generates an upwelling Kelvin wave propagating to the east. Because of the timing the abrupt relaxation of easterly wind modulates the amplitude of h but not the evolution of pattern. The complexities of the annual cycle of the upper ocean heat content are highly possibly related with the details of the zonal wind stress. In addition to the abrupt change of zonal wind stress, higher vertical modes neglected herein may also add to the complexity of the upper ocean heat content annual cycle [e.g., Busalacchi and Cane, 1985] ; however, we emphasize that the evolution of even a single vertical mode, owing to the spatial and temporal modulation of the forcing function, may be very complicated.
In The details are critically dependent upon the spatial and temporal modulation of the easterly wind stress forcing. The westward propagation of upper ocean heat content was mainly caused by the annual harmonic zonal wind stress which propagated westward. It was modulated by the eastward propagating Kelvin waves forced by the semiannual variation of zonal wind stress. Although the eastward propagation of upper ocean heat content can be explained partially by such an annual cycle of zonal wind stress, it is mainly related to the abrupt relaxation/intensification of easterly wind stress. In a climatological average this abrupt change of zonal wind stress is smoothed, but its impact on the ocean remains since the ocean response is an integrated response. Therefore the rapid change of zonal wind stress is critical for the evolution of annual upper ocean heat content. Considering the resonant forced Rossby wave only is not enough to properly describe such complex annual thermal evolution.
